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TransductionStaphylococcus aureus pathogenicity islands (SaPIs) are mobile elements that are induced by a helper
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helper, leading to high-frequency transfer. SaPI mobilization is helper phage speciﬁc; only certain SaPIs can be
mobilized by a particular helper phage. Staphylococcal phage 80α can mobilize every SaPI tested thus far,
including SaPI1, SaPI2 and SaPIbov1. Phage 80, on the other hand, cannot mobilize SaPI1, and ϕ11 mobilizes
only SaPIbov1. In order to better understand the relationship between SaPIs and their helper phages, the
genomes of phages 80 and 80α were sequenced, compared with other staphylococcal phage genomes, and
analyzed for unique features that may be involved in SaPI mobilization.and Immunology, VCU School
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Remarkably, most or all of the toxinosis-causing bacterial toxins
are encoded by mobile genetic elements, including prophages,
plasmids, transposons, and pathogenicity islands (Novick, 2003),
and horizontal gene transfer plays a major role in the dissemination of
these virulence determinants. In the staphylococci, temperate phages
carry a variety of known virulence factors (reviewed in Christie et al.,
2010). In addition, certain staphylococcal phages have been impli-
cated in the high frequency mobilization of a family of phage-related
chromosomal islands (reviewed in Novick et al., 2010). The super-
antigen-encoding pathogenicity islands of S. aureus (SaPIs) are
generally 15–18 kb in length and reside stably in their host
chromosomes under the control of a master repressor (Ubeda et al.,2008). Following infection by particular helper bacteriophages, they
are induced to excise and replicate autonomously, using a phage-like
mode of replication (Ubeda et al., 2007a,b). They are then encapsi-
dated in phage-like particles composed entirely of phage virion
proteins (Tallent et al., 2007; Tormo et al., 2008) but with smaller
capsids that accommodate the SaPI genome while excluding that of
the phage (Ruzin et al., 2001). These SaPI-containing particles are
capable of very high transfer frequencies not only among strains of
S. aureus (Lindsay et al., 1998), but to other Staphylococcus sp.
(Maiques et al., 2007) and also trans-generically to Listeria mono-
cytogenes (Chen and Novick, 2009). One staphylococcal phage in
particular, 80α, is capable of mobilizing a variety of SaPIs as well as
enabling their transgeneric transfer. 80αwas reportedly derived from
one of the staphylococcal typing phages, 80, by selection for the ability
to plate on strains of the NCTC 8325 lineage (R. Novick, 1967), and is
in wide use as a generalized staphylococcal transducing phage. Phage
80, however, was originally reported to mobilize only one of the SaPIs
thus far tested, SaPI2, which was not mobilized by 80α in initial
studies (Lindsay et al., 1998).
We undertook the study of these two phages in an attempt to
determine the genetic basis of their SaPI mobilization capacity, their
SaPI mobilization speciﬁcities, and to clarify the origin of 80α. In this
report, we present the sequences of the two phages, showing that 80α
382 G.E. Christie et al. / Virology 407 (2010) 381–390is very closely related to a different phage, staphylococcal typing
phage 53, but is not closely related to 80. These results suggest that
80α is very unlikely to have originated as a mutant or restriction
variant of 80, and is much more likely to represent a variant of 53,
which was likely picked up as a contaminant in the initial study.
Studies with SaPIbov1 repressor mutants suggest that a primary
determinant of speciﬁcity for SaPI mobilization is the ability to
derepress the pathogenicity island (Ubeda et al., 2008), and recent
work has identiﬁed different 80α proteins that interact speciﬁcally
with the repressors of SaPIbov1, SaPI1 and SaPIbov2 (Tormo-Más
et al., 2010; M.D. Harwich, SMT, A. Shrestha, KDL, P.K. Damle,
A. Poliakov, J. A. Mobley and GEC, in prep). Consistent with this
model, the comparison presented here of 80 and 80α indicates that
there is no correlation between the morphogenetic functions
provided by the helper phage and the speciﬁcity for SaPI mobilization.
The ability of both 80 and 80α to mobilize SaPI2 and SaPIbov1,
however, raises some interesting questions about SaPI packaging
determinants.
Results
General features of the 80α and 80 genomes
The genome length of 80α is 43,864 bp, containing the informa-
tion for approximately 73 ORFs of 50 or more codons (Supplementary
Table 1), and is deposited in Genbank under accession number
DQ517338. The genome length of 80 is 42,140 bp, with approximately
61 ORFs (Supplementary Table 2), and is deposited in Genbank under
accession number DQ908929. The assembled sequences of both
phages were topologically circular, consistent with the circular
permutation expected from the proposed headful packaging of
these phages. The genomes are displayed in Fig. 1, shown in the
prophage orientationwith the integrase gene at the left end. Both 80α
and 80 belong to a class of related staphylococcal Siphoviridae that are
highly mosaic but maintain a conserved organization of genes in
functional modules (Kwan et al., 2005). While certain staphylococcal
Siphoviridae encode virulence factors, such as staphylokinase, exfoli-
ative toxin A, enterotoxin A, Panton-Valentine leukocidin, or the
innate immune modulators SCIN and CHIPS (Winkler et al., 1965;
Narita et al., 2001; Yamaguchi et al., 2000; Betley and Mekalanos,
1985; van Wamel et al., 2006), neither 80 nor 80α carries any known
virulence factors.bu
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Fig. 1.Genomicmaps of phages 80α and 80. Predicted open reading frames of at least 50 codo
have been identiﬁed in phage virions by mass spectrometry. Genes encoding proteins wi
genomes; darker shading indicates amino acid identity of at least 75%.80α is a variant of phage 53
Although 80α was isolated as a single plaque arising during an
attempt to adapt phage 80 for growth on NCTC 8325 (R. P. Novick,
1963), it now appears that typing phage 53 was the most likely source
of that plaque. Nearly 90% of the 80α genome is identical to the
published sequence of 53, a phage that forms plaques on NCTC 8325
and may have been a contaminant of the 80 lysate used in that
experiment (see Fig. S1). Most of the areas of divergence between 80α
and 53 appear to be the result of recombination with ϕ11 and
ϕ13, two of the three prophages in NCTC 8325 (Iandolo et al., 2002;
R. Novick, 1967). The ﬁrst 3000 bp of the 80α prophage would be
exactly the same as the corresponding region of 53 except for a
1376 bp replacement that is identical to ϕ11 (Table 1). Two small
blocks of sequence that are nearly identical (98%) to ϕ13 are found in
the replication module. In the tail module, there is a 304 bp region
that differs from the most recently published 53 sequence (Kwan
et al., 2005; AY954952), yet its closest relative in Genbank is a
different entry for 53 (Pantucek et al., 2004; AF513856). One of many
plausible explanations for the differences between the two published
53 sequences is that recombination occurred between 53 and a
prophage residing in the 53 propagating strain NCTC 8511. Two areas
of divergence between 80α and 53 cannot be accounted for by simple
recombination with known prophages in the propagating strain. A
highly mosaic block from 3608 to 5271, affecting the immunity
module, includes sequences unrelated to 53 or the NCTC 8325
prophages but highly conserved among other staphylococcal sipho-
viridae as well as a central region with similarity to both 53 and ϕ11,
in which all but two nucleotides match one or the other genome and
thusmight have arisen bymultiple recombination events between the
two phages. The other divergent block, from 12121 to 12473, spans
the C-terminus of ORF26 and the N-terminus of ORF27, two conserved
genes of unknown function. The closest match in the database is ϕ11,
but the sequence identity is only 91%.
Speciﬁcity of SaPI mobilization by helper phages
Because typing phage 53 is so closely related to 80α, we tested it
for mobilization of SaPI1. We found that 53 could induce excision,
replication, and transduction of SaPI1 tst::tetM at high frequency
(Fig. 2 and Table 2). When we attempted to conﬁrm that 53 would
mobilize SaPI1 but not SaPI2, as had been reported for 80α, wem
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Table 1
Apparent origin of 80α genome segments.
Boundary in 80α
genome
Putative donor phage (% identity)
Left Right
1 1470 53 (100%)
1470 2846 ϕ11 (100%)
2846 3608 53 (100% except 1 bp)
3608 4295 Unknown closest match Mu3, Mu50 (99%)
4295 5118 Unknown closest match 53 (97%); ϕ11 (97%); mosaic
5118 5188 Unknown highly conserved in other related phages
5188 5271 Unknown closest match ϕ69 (94%)
5271 9399 53 (100%)
9399 9906 ϕ13 (98%)
9906 10744 53 (100%)
10744 11357 ϕ13 (98%)
11357 12121 53 (100% except 1 bp)
12121 12473 Unknown closest match ϕ11 (91%)
12473 36384 53 (100% except 4 bp)
36384 36688 53a (100% except 2 bp)
36688 43864 53 (100% except 1 bp)
a Does not match the whole genome 53 sequence (Accession no AY954952) used in
all other comparisons. Does match a partial sequence entry for 53 (Accession no
AF513856). Differences in the published sequences of 53 may have resulted from
recombination between 53 and a prophage in its propagating strain.
Table 2
Relationships between helper phages and SaPIsa.
SaPI::tetM Phage
ϕ11cxx 80α 53 80
PFU HFT PFU HFT PFU HFT PFU HFT
SaPI1 + − − + − + + −
SaPI2 + − − + − + Impaired +
SaPIbov1 − + − + − + Impaired +
a Phages (top row) were titered by plating on indicator strain RN4220 or an RN4220
derivative (RN10822, RN10823, JP45) containing the indicated SaPI (left column).
Infections of SaPI-containing strains that yielded similar titers as the control 4220 strain
are marked as “+” for plaque forming units (PFU). Those that gave no plaques are
marked “−” and had titers reduced by at least 105 as compared to the control strain.
“Impaired” infections resulted in a 10- to 100-fold reduction in titer and smaller plaque
size compared to the control strain. HFT indicates the presence of a high frequency of
SaPI transducing particles in the lysate, measured by transduction of the tetM marker.
383G.E. Christie et al. / Virology 407 (2010) 381–390observed unexpectedly that both 80α and 53 mobilized SaPI2 tst::
tetM in the RN4220 background (Table 2). Previous studies, in which
80α did not mobilize SaPI2 in its natural host strain, were likely
complicated by the presence of 80α-like prophages in that strain that
might have both interfered with 80α replication and assisted SaPI
mobilization by 80. A comparison of mobilization by different helper
phages in the RN4220 background, which has been cured of
endogenous prophages, revealed that phage 80 was able to mobilize
not only SaPI2, as had been originally reported, but also SaPIbov1
(Table 2). ϕ11 mobilized only SaPIbov1.
SaPI inhibition of helper phage plaque formation
Using the highly phage-sensitive, non-lysogenic strain RN4220, we
conﬁrmed that SaPIs block helper phage reproduction (Ruzin et al.,
2001) and that this interference, which is sufﬁcient to block plaque
formation, is seen only with phages that induce the island. For
example, ϕ11 does not mobilize SaPI1 and ϕ11 is not inhibited in its
growth on a SaPI1 strain. At the same time, ϕ11 is a helper phage for
high frequency SaPIbov1 transduction and ϕ11 cannot form plaques
on a SaPIbov1 strain (Table 2). In SaPIbov1, gene 12 (pif) has been
found to be responsible for this interference (Ubeda et al., 2009), andBulk
SaPI
Fig. 2. Mobilization of SaPI1 by phage 53. RN10822, a SaPI1-containing derivative of
RN4220, was infected with either 80α or 53 as described in Materials and methods.
Standard minilysates were prepared at indicated times (min) after infection, separated
on agarose, and probed for SaPI1 DNA by Southern blotting. The upper “bulk” DNA band
includes chromosomal DNA, replicating and linear phage-sized DNA, and replicating
SaPI1 DNA; the lower band is SaPI1 linear monomers released from phage heads.it is likely that non-inducing phages are not inhibited by SaPIbov1
because pif is not expressed unless the SaPI is induced.
Comparative genomics of phages 80 and 80α
In order to better understand the biology of these staphylococcal
Siphoviridae and to identify helper phage genes that may have a role
in SaPI mobilization, we have analyzed the genomes of 80 and 80α
and compared them with the other well-studied SaPI transducing
phage, ϕ11(see Fig. S1), as well as related staphylococcal phages.
The genes and proteins described below are putative, with noted
exceptions. Virion proteins of phage 80α have been identiﬁed
previously (Tallent et al., 2007; Tormo et al., 2008), and are highly
homologous to the virion proteins of ϕ11 (Tormo et al., 2008).
We have also identiﬁed the most abundant proteins present in
phage 80 virions, including the major capsid and tail proteins (Fig. 3
and Supplementary Table 3). The conﬁrmed virion proteins are
indicated as shaded arrows in Fig. 1. Despite the fact that both
phages can serve as helpers for SaPI2 and SaPIbov1, and have a
common genome organization similar to that of other staphylococcal
siphoviridae , they share only 26 genes; 21 of these are common to
ϕ11 as well (Table 3). Most strikingly, the capsid and major tail
genes of 80, which encode essential components of SaPI transducing
particles, are not homologous to those of 80α (or ϕ11) (Fig. 1,
Fig. S1). Since relatively little is known about the biology of the large
family of staphylococcal Siphoviridae to which these SaPI-mobilizing
phages belong, an in-depth discussion of the 80 and 80α genomes is
presented below.Band   ORF      Predicted function 
kDa
5 48 tail
1
2
4
5
6
3
1
30
40
50
60
80 50 tail; baseplate
55 cell wall hydrolase; tail tip
2 51 tail; baseplate
3 35 portal
4 56 tail fiber
6 38 major capsid
7 7 transcription control
8 44 major tail
7
8
25
20
Fig. 3. Identiﬁcation of 80 virion proteins. Numbers indicate bands excised from the
Coomassie blue-stained 10% SDS polyacrylamide gel; size markers are on the left.
The protein(s) present in each band were identiﬁed by MS/MS and are indicated in
the table.
Table 3
Homologous genes in 80, 80α and Π11.
ORF AA identity Function
80 80α ϕ11 80/80α 80α/ϕ11
7 8 7 57% 98% Putative transcriptional regulator
9 13 naa 83% 86% Unknown
11 14 11 95% 59% Unknown
15 18 14 61% 60% Unknown
16 19 100% Unknown
17 20 75% Putative replisome organizer
18 21 99% DnaC-like protein
19 22 53% DnaI-binding protein;
SaPI1 derepression (80α)
20 23 17 98% 95% Unknown
23 25 19 86% 73% Unknown
24 26 21 65% 91% Unknown
25 27 22 89% 91% Unknown
27 31 23 85% 96% Unknown
28 32 25 74% 78% dUTPase; SaPIbov1 derepression
29 33 naa 65%* 66%* Unknown; *similarity limited to
N-term 32aa
30 35 64% Unknown
31 37 27 91% 91% RinB transcriptional regulator
49 59 44 58% 99% Minor tail protein
50 61 45 90% 97% Minor tail protein
51 62 54a 98% 96% Minor tail protein
52 64 46 96% 92% Unknown
53 65 47 98% 91% Unknown
54 66 48 63% 62% Unknown
55 67 49 58% 98% Minor tail protein (tip?);
cell wall hydrolase
56 68 50 87% 98% Putative tail ﬁber
57 69 51 100% 98% Minor tail protein
a na=not annotated in Genbank entry NC_004615; ORF54 described in Tormo et al.,
2008.
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Phage integration modules include the phage integrase gene
(int) and the phage attachment site (attP). The excisionase gene
(xis) is most often found in this module, upstream of the integrase
start site, but may also be located in the switch module (Lucchini
et al., 1999). The integrase catalyzes site-speciﬁc recombination
between the core of attP and an identical sequence found in the
bacterial chromosome (attB). The recombination reaction mediated
by the integrase is driven toward excision by Xis. Xis binds speciﬁc
prophage sequences adjacent to the attachment site and bends the
DNA in such a way to favor the excisive recombination (Mumm
et al., 2006).
The integration modules of 80 and 80α are non-homologous. All
SaPIs and themajority of the S. aureus siphoviruses sequenced thus far,
including 80 and ϕ11, encode an integrase belonging to the tyrosine
recombinase (integrase) family (see Grindley et al., 2006 for a review
of integrases). The 80α integrase, on the other hand, belongs to
the serine recombinase family, which also includes CcrB of staphylo-
coccal SSC elements (see Fig. 4A) as well as the integrases of the
S. aureus phages 53 (AY954952), 85 (AY954953), 92 (AY954967),
X2 (AY954968), 6390 (FM877489), and NM2 (AP009351).
The 80α integrase is identical to that of phage phiNM2, originally
identiﬁed as a prophage in the chromosome of S. aureus substrain
Newman (AP009351). The phiNM2 integration site lies in an
intergenic region located between putative genes rmpF, encoding
ribosomal protein L32, and sirH, encoding iron-regulated cell wall-
anchoredprotein SirH. Based on the assumption that the 80α integrase
would target an attB sequence similar or identical to that used by
phiNM2, primersﬂanking this site andprimersnear thepredicted ends
of the 80α prophage genome were used to amplify and sequence the
attL and attR prophage junctions in a lysogenic derivative of RN4220;
attB and attP were sequenced as well. This analysis conﬁrmed 80α
integration between rmpF and sirH (Fig. 4B), at a position cor-responding to nucleotide 1,042,159 in the NCTC 8325 genome.
Although the 80α attB is conserved among 18 of the S. aureus strains
sequenced thus far, only S. aureus substrain Newman contains a
prophage at this site. Serine recombinase family members recognize
short core sequences that are often ﬂanked by an imperfect direct
repeat (Grindley et al., 2006). Consistent with this observation, the
repeats ﬂanking the 80α attP are short and imperfect, as is the
conserved core of the attachment site (Fig. 4C).
Directional control of the large serine recombinases is poorly
understood (Groth and Calos, 2004). Excisionase genes are diverse,
and the activity of xis genes has been experimentally demonstrated in
only two of the staphylococcal siphoviridae, L54a andϕ11, which both
encode tyrosine integrases (Ye et al., 1990). The L54a family of
integrases has been noted previously as an exception to the general
rule that integrases and their cognate excisionases have co-evolved
(Lewis and Hatfull, 2001). Our results are consistent with this
exception; while 80α and 53 encode identical serine integrases, they
carry different xis genes. Furthermore, both the 53 and 80α xis genes
are found paired with a tyrosine integrase gene in another phage.
Speciﬁcally, the 53 xis is identical to that of phage L54a, while the xis
gene of 80α is also found in phageϕ11. Since Xis proteins function in a
primarily architectural role to bend theDNA and bring the att sites into
the appropriate geometry for the excisive recombination reaction, it
may not be so hard to understand how the same excisionase might
function with two different integrases, especially since recognition by
Xis proteins does not involve high DNA sequence speciﬁcity.
The 80 integrase, a member of the tyrosine recombinase family,
belongs to integrase group Sa6, which includes phages 52A, L54a, and
several others (Goerke et al., 2009) that are known to integrate into
the geh gene, inactivating lipase (Ye and Lee, 1989; Bae et al., 2006).
However, a comparison of phage 80 to these phages reveals a lack of
sequence conservation downstream of the int genes, in a region
containing the known L54a attP site. It appears that phage 80 is
deleted for the att region, which is consistent with the observed
inability of 80 to form a stable lysogen (unpublished data). There is
also no homolog of L54a xis in the 80 genome, and there is no open
reading frame that encodes an identiﬁable xis. Of the phages in this
integrase group, four (NM4, ROSA, Sa6JH1 and Sa6JH9) carry an xis
homologous to that of L54a (AAA98160; incorrectly annotated as int)
(Ye and Lee, 1989). In the remainder, including prophages ϕtp310-2
and ϕCOL, an excisionase has not yet been identiﬁed. This is again
consistent with the apparent lack of co-evolution of integrase and
excisionase in this group of phages.
Leftward accessory regions
In all described cases of positive lysogenic conversion by a
staphylococcal siphovirus, the converting gene is located either near
the left end of the prophage genome between the integration module
and the lysogeny module, or at the right end of the prophage genome,
between the lysis module and attR or just upstream of the lysis module
(Dempsey et al., 2005; Sumby and Waldor, 2003; van Wamel et al.,
2006). We refer to these two regions as the leftward and rightward
accessory regions. In phages 80α and 80, several different genes of
unknown function are found in the leftward accessory region. There are
homologues of each of these genes in the corresponding region in other
staphylococcal siphoviruses, but none are shared between 80α and 80
(Fig. 1). Some virulence genes in this region can be expressed in the
prophage state of related phages (Sumby andWaldor, 2003); however,
it is not knownwhether these80 and80α genes are similarly expressed,
orwhether they encode anyproduct thatmightbe involved in virulence.
Lysogeny modules
80 and 80α each contain a bidirectional switch region, character-
istic of temperate phages, encoding a putative immunity repressor
Method: UPGMA; Best Tree; tie breaking = Systematic
Distance: Uncorrected (“p”)
Gaps distributed proportionally
A
ccrB
80aint
phi13int
phi11int
phi12int
80int
0.061
0.031
0.373
0.403
0.37
0.122
0.01
phiL54a(COL)int
B
rpmF SAOUSSC_01079  iron-regulated cell wall anchored protein SirH
80α
attB
C
Fig. 4. 80α integrase and the 80α attachment site. (A) 80α int is closely related to ccrB, and not to the tyrosine integrase of 80 and others commonly found in staphylococcal
Siphoviridae. (B) Map illustrating the location of attB in an intergenic region between the coding regions of rmpF and sirH. (C) Sequences of the phage (attP) and bacterial (attB)
attachment sites, as well as the left (attL) and right (attR) prophage junctions. Nucleotides corresponding to the bacterial sequence are shown in bold letters. Conserved nucleotides
in the short, imperfect core sequence are indicated by asterisks. Broken arrows above the sequence mark the imperfect inverse repeat ﬂanking the crossover site. The location of the
crossover, which is inferred from the phage-bacterial junction revealed by alignment of the prophage att sites with attB and attP, is shown by a bold arrow.
385G.E. Christie et al. / Virology 407 (2010) 381–390and a divergently transcribed gene that may correspond to λ cro.
The 80α repressor is homologous to that of ϕPVL108 (BAF41155)
and is predicted to be a 238 aa protein containing an N-terminal
helix–turn–helix domain of the XRE family and a C-terminal RecA-
mediated autopeptidase domain, consistent with SOS induction of
the 80α prophage. The N-terminal domain is similar to that of the
repressor of ϕETA (BAA97592) and prophage repressor homologs in
several genomes, such as strain Mu50 (BAB58160), whose C-terminal
domains do not match that of 80α. The C-terminal domain of
80α repressor is identical to the C-terminal domain found in a
large number of phage repressors, including those of ϕ11, ϕ13 and 53.
Thus, the 80α immunity repressor appears to be a mosaic of two
independently assorting modules: a C-terminal one that confers SOS
sensitivity and an N-terminal one that controls DNA binding
speciﬁcity. This N-terminal domain is one of the places where
80α and its presumptive parent ϕ53 differ. A plasmid expressing
the 80α repressor gene conferred immunity to 80α but not to ϕ11
(data not shown), even though it has long been known that ϕ11
cannot plate on an 80α lysogen. This suggests that 80α encodes a
lysogenic exclusion function that blocks ϕ11, which remains to be
identiﬁed.
The putative phage 80 repressor is a small protein of 92 aa and, like
the 80α repressor, it contains a helix–turn–helix domain of the XRE
family. However, it does not contain the C-terminal SOS-responsive
domain. The 80 repressor is identical to the putative repressors of
staphylococcal phages 52A, 85 and 96. Since phage 85 is SOS-
inducible (Ubeda et al., 2007a,b), this suggests an alternative
mechanism for derepressing phages with this type of repressor. One
attractive hypothesis is that these phages encode an SOS-regulated
antirepressor, similar to what has been described for coliphage 186
(Shearwin et al., 1998).The Cro-like proteins are also members of the XRE family of helix–
turn–helix DNA binding proteins. The phage 80 cro-like gene is
identical to the corresponding genes of 52A and 96 and nearly
identical to that of phage 85. For these phages the immunity
repressor, the cro-like gene and the intergenic putative operator
region appear to reside in a conservedmodule. For 80α, theN-terminal
domain of the cI-like repressor, intergenic region, and cro-like gene
comprise a conservedmodule that can recombine with the C-terminal
domain of a different repressor, as is seen in ϕETA.
The genes immediately downstream of the cro-like gene in 80 and
80α share a commonN-terminal domain but have different C-terminal
domains, a feature typical of genes located in the lysogenymodules of a
variety of siphoviridae that infect low GC content Gram-positive
bacteria (Lucchini et al., 1999). These genes are members of a
large family of putative viral transcription regulators that contain
distinct N-terminal DNA binding domains (the baculovirus Bro-N
domain, in both 80 and 80α) paired with various C-terminal domains
(Iyer et al., 2002). The C-terminal domain of 80α gp8 belongs to
the phage P1 KilA-C family, while the C-terminal domain of 80 gp7
belongs to the ORF6C superfamily. The P1 KilA-C domain is found at
the C-terminus of the P1 KilA protein, a nonessential protein in the
phage P1 replication region (Hansen, 1989); it is also present at the C
terminus of the P1 antirepressor Ant1 (YP_006515). This has led to the
widespread annotation of genes in this large and diverse family as
“putative antirepressor” despite the fact that many of these genes do
not contain the KilA-C domain and the P1 antirepressor is the only
member of this family with an established function (Riedel et al.,
1993). Surprisingly, 80 gp7 was identiﬁed as one of the major bands
present in CsCl-banded phage virions (Fig 3). The corresponding
protein from 80α, gp8, was not found in the initial analyses of virion
proteins (Tallent et al., 2007; Tormo et al., 2008); however, this protein
386 G.E. Christie et al. / Virology 407 (2010) 381–390did appear to be at least loosely associated with a CsCl-puriﬁed 80α
procapsid fraction (Poliakov et al., 2008). Thus, it may play a dual role
in regulation and virion structure, in a manner similar to that of the
phage P4 Psu protein, which serves as a capsid decoration protein in
addition to regulating Rho-dependent transcription termination
(Dokland et al., 1993; Pani et al., 2006).
The area between the lysogeny module and the DNA replication
module is highly mosaic. The functions of the assorted genes found in
this region are largely unknown but they may play a role in the lysis-
lysogeny decision or the ability of the phage to infect certain hosts.
Most of these genes are not shared between 80 and 80α (Fig. 1). The
two common genes in this region (80αORFs 13 and 14; 80 ORFs 9 and
11; see Table 3) encode proteins of unknown function that are highly
conserved among staphylococcal siphoviruses. 80α ORF15 has
recently been show to be required for derepression of SaPIbov2
(Tormo-Más et al., 2010). This protein contains a conserved domain of
unknown function (DUF2483) and is found in several other
sequenced staphylococcal siphoviruses but not phage 80.
Replication modules
The precise boundaries of staphylococcal siphovirus DNA replica-
tion modules are unknown. For present purposes, we will start at the
genes predicted to encode single-stranded DNA binding proteins
(80α ORF17 and 80 ORF14, respectively). These differ between 80α
and 80 and represent examples of two different SSBs that are both
widespread among staphylococcal siphoviridae. The putative proteins
encoded immediately downstream of the ssb-like genes in each
genome have divergent N-termini but highly conserved C-termini;
they belong to a conserved family of proteins of unknown function
(DUF968).
Phages 80 and 80α both encode a replication module of the
initiator-helicase loader type, preceded by a large shared ORF of
unknown function on the complementary strand. While the putative
helicase loader, a homolog of DnaC, is highly conserved in these
phages, the putative initiators show diversity in their N-terminal
domains. Within the DNA sequence coding for the nonconserved
N-terminal region of the putative initiator proteins there are clusters
of direct and inverted repeats characteristic of a phage origin of
replication, but their putative role has yet to be demonstrated.
Downstream of the initiator-origin region in both phages is a gene
(80α ORF 22; 80 ORF 19) homologous to ϕ77 ORF104 (AAR87935),
whose product has been shown to inhibit S. aureus DNA synthesis and
to bind to the putative host helicase loader, DnaI (Liu et al., 2004). This
gene is present in a number of other staphylococcal siphoviridae but is
absent from the ϕ11 genome. It has recently been shown to be
required for SaPI1 derepression by 80α and has been named sri
(Tormo-Más et al., 2010; Harwich et al., unpublished); its absence
from the ϕ11 genome likely accounts for the inability of ϕ11 to induce
SaPI1. The protein encoded by phage 80 shares only 53% identity with
that of 80α. 80 does not induce SaPI1 (see Fig. 4), and the DnaI binding
function of this allelic variant is unknown. The sri gene is followed by a
highly conserved gene of unknown function (DUF3269). The next
gene in each phage is different, but each can be assigned a tentative
role based on sequence homology. 80α ORF 24 encodes a RusA-type
Holliday junction resolvase while 80 ORF 21 encodes a DNA adenine
methylase.
Between the replication module and the morphogenetic genes is
another highly mosaic region containing assorted phage genes
(Fig. 1). The only gene in this region that can be assigned a function
based upon sequence homology is the one encoding dUTPase. This
gene product, which is shared by 80 and 80α, has been shown not
only to have dUTPase activity but also to be required for derepression
of SaPIbov1 (Tormo-Más et al., 2010). dUTPase is conserved among a
wide variety of bacteriophages, and the gene preceding the dUTPase is
highly conserved among staphylococcal siphoviruses. Upstream ofthese two genes, 80 and 80α share a cluster of three contiguous
conserved genes of unknown function (see Table 3). Distal to dUTPase
are two additional shared genes of unknown function that are also
widespread in staphylococcal siphoviruses.
The only other genes in this region to be assigned a function based
on published experimental evidence are the rin genes, which activate
an int promoter-reporter fusion (Ye and Lee, 1993). 80α contains both
rinA and rinB, as well as a small intervening ORF, which we have
labeled rinM. RinA has recently been implicated as the positive
regulator of morphogenetic gene transcription in 80α and ϕ11 (M.D.
Ferrer N. Quiles, M.D. Harwich, M.Á Tormo-Más, S. Campoy, J. Barbé, Í
Lasa, GEC and J.R. Penadés, in prep). Phage 80 and several other
phages have only the rinB gene, without a homolog of the rinA gene. In
these phages, a different conserved gene of unknown function
replaces rinA (Kwan et al., 2005); this gene presumably serves as
the functional equivalent of rinA for 80 late gene transcription, but this
remains to be investigated.
Packaging and capsid morphogenesis modules
The organization of the packaging and capsid gene modules of
both 80 and 80α is typical of that found in Gram-positive
siphoviruses. The 80 and 80α terminases are nonhomologous, but
both the small and large subunits belong to conserved classes of phage
terminases. The portal proteins are members of a family exempliﬁed
by gp6 of Bacillus subtilis phage SPP1, but share little amino acid
similarity. Both phages also share a capsid protein gene related to
SPP1 gp7; in 80α this protein (gp44) has been shown to be a minor
component of the phage capsid (Poliakov et al., 2008; Tallent et al.,
2007). Despite the fact that both the 80 and 80α proteins appear
related to SPP1 gp7, they show little amino acid similarity to each
other. In SPP1, gp7 appears to play a role in DNA exit from the virion
(Vinga et al., 2006), and we predict a similar function in these
staphylococcal phages. The scaffold andmajor capsid proteins are also
nonhomologous. The 80α scaffold and capsid proteins are proteolyt-
ically processed at a conserved sequence in their N-termini (Poliakov
et al., 2008); a similar sequence is found at the N-terminus of the
phage 80 capsid protein but not the 80 scaffold.
Capsid morphogenesis is especially important for the production
of SaPI transducing particles, since these are composed entirely of
phage proteins (Tallent et al., 2007; Tormo et al., 2008). All SaPIs
encode a terminase small subunit that is required for speciﬁc
packaging of SaPI DNA (Ubeda et al., 2009), presumably by interacting
with the large subunit of the helper phage terminase. An interesting
question arising from the lack of similarity between the 80 and 80α
packaging genes is how (or whether) the SaPI small terminase
subunit is able to interact with the nonhomologous large terminase
subunits of these two helper phages to effect SaPI-speciﬁc packaging.
Additionally, most SaPIs encode functions that remodel the phage
capsid to accommodate their smaller genomes, in a manner
reminiscent of satellite coliphage P4 and its helper P2 (Lindqvist
et al., 1993). There does not, however, appear to be a great deal of
speciﬁcity with respect to the requirements for a particular capsid.
The capsidmorphogenesis modules of 80 and 80α differ considerably,
but each phage can mobilize multiple SaPIs, including SaPI2 and
SaPIbov1. Phage ϕ11, on the other hand, has a morphogenetic gene
cluster virtually identical to that of 80α, but cannot mobilize SaPI2 or
SaPI1, both of which are mobilized by 80α (see Table 2). Thus, the
capsid is apparently not a key determinant of SaPI-helper phage
speciﬁcity. Furthermore, although capsid size determination is a
striking feature of SaPI mobilization, it appears to be non essential.
While 80 can serve as a helper for the high frequency transfer of both
SaPI2 and SaPIbov1, no smaller SaPI-sized band is observed in lysates
of 80-infected cells (Fig. 5). This indicates that the SaPI DNA
transduced by 80 must be packaged, presumably as multimers, into
normal 80-sized heads. A similar observation has been described in
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Fig. 5. Speciﬁcity of SaPI mobilization by different helper phages. RN4220 and
derivatives RN10822, RN10823 and JP45, carrying the indicated SaPIs, were infected
with each of the indicated phages as described in Materials and methods. Standard
minilysates were prepared 60 min after infection, separated on agarose, and probed for
SaPI DNA by Southern blotting with a ter probe, which is common to all three SaPIs. The
upper “bulk” DNA band includes chromosomal DNA, replicating and linear phage-sized
DNA, and replicating SaPI1 DNA; the lower band is SaPI1 linear monomers released
from phage heads.
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one of the genes required for small capsid formation (Maiques et al.,
2007) and of SaPIbov1 carrying a mutation in the corresponding gene
(Ubeda et al., 2007a,b). What, then, is the role of the highly conserved
SaPI small capsid size determination function? One attractive
explanation is that it excludes the packaging of intact helper phage
DNA, and therefore decreases the probability that a recipient
bacterium would simultaneously be infected by the helper phage.
This would be expected to increase the survival frequency of SaPI
transductants.
Tail modules
Between the major capsid protein gene and the major tail protein
gene are ﬁve open reading frames in each phage. Again, the predicted
proteins show little amino acid similarity. One gene product from this
region has been identiﬁed as a minor component in 80α virions
(Tallent et al., 2007) and belongs to a family of putative head–tail
connector proteins. Proteins encoded by the proximal part of the tail
module also show little amino acid similarity, but the gene
arrangement is highly conserved. The major tail protein gene lies
upstream of the tape measure gene, and there are two intervening
genes characterized by overlapping open reading frames related by a
predicted programmed−1 translational frameshift. This arrangement
of genes is preserved in a diverse collection of phages with both
contractile and noncontractile tails (Christie et al., 2002; Levin et al.,
1993; Xu et al., 2004). In both 80α and 80, clearly identiﬁable
candidate heptanucleotide “slippery sequences” can be found in the
region of overlap. 80α has the canonical 5'-GGGAAAG-3', ﬁrst
identiﬁed in the bacteriophage λ G-T frameshift, which encodes a
Gly Lys in both reading frames between 25268 and 25274. Phage 80
has a TTTTTTC at 23569–23575, encoding Phe Phe in both reading
frames; this is identical to the putative frameshifting sequences
identiﬁed in B. subtilis phage SPO1, Shigella ﬂexneri phage SfV and
Bacillus halodurans phage f-halo1-pro (Xu et al., 2004).
The distal part of the tail gene module presumably encodes the
proteins that make up the baseplate structure and the tail appendages
involved in host cell attachment and penetration. Unlike the rest of
the morphogenetic genes, those in this region are shared between
80α and 80 (Table 3). Further data are available for three of these
genes. 80α ORF62 (80 ORF 51) encodes a minor tail protein. Like alltail proteins, it is present in both phage and SaPI transducing particles
(Tallent et al., 2007; Tormo et al., 2008). However, while essential for
phage plaque formation, 80α mutants lacking this gene are still
capable of high frequency SaPI transfer (Tormo et al., 2008). Deletion
of the homologous gene from ϕ11 yields phage particles lacking the
knob-like complex structure at the end of the phage tail in both phage
and SaPI particles (Tormo et al., 2008). Why the SaPI particles are
competent for transduction is not yet understood. 80αORF68 (80 ORF
56) encodes a protein containing a central collagen triple helix repeat
motif and has tentatively been identiﬁed as a tail ﬁber. This gene is
nonessential for phage growth or SaPI mobilization, at least in the
laboratory strain RN4220 (Tormo et al., 2008). 80α ORF67 (80 ORF
55) encodes a low-abundance tail protein with an N-terminal CHAP
domain and a C-terminal lysozyme domain, suggesting that this gene
product has peptidoglycan hydrolytic activity. Such activity has
recently been reported for a homologous protein from S. aureus
phage ϕMR11, and this protein appears to reside at the tail tip (Rashel
et al., 2008). It presumably plays a role in localized degradation of the
cell wall during phage adsorption.
Lysis regions
The predicted 80α holin and endolysin belong to a different family
than those of 80. The previously published partial sequence for the
80α lytic genes (U72397) most closely matches the sequence of the
ϕ11 genome (AF424781) and the prophage sequence in the ϕ11
source strain NCTC 8325 (CP00253), rather than the 80α genomic
sequence reported in this study. Presumably, propagation of phage
80α on NCTC 8325 allowed it the opportunity to recombine with ϕ11.
Table 1 shows that the isolate of 80α used in this study, which was
propagated recently on phage-free strains, also contains a DNA
segment derived from ϕ11, but contains the lysis module of its
presumptive parent phage, 53.
Comparison of the rightward accessory region
80α and 80 each have two open reading frames of unknown
function downstream of the lysis module. This region is also highly
mosaic. 80α ORF72 encodes a small 75 aa putative protein that is not
annotated in any other genomes, but a TBLASTN search reveals this
putative gene in several other staphylococcal Siphoviridae, including
NM1, NM4, ϕCOL, ROSA, 53, Sa6JH1 and Sa6JH9. The larger open
reading frame, ORF73, is also found in several other phages, including
53, 47 and ϕ12. Overlapping this ORF is a DNA segment of 161 nt that
is also found, with 94% identity, near the lefthand attachment site of
SaPI1. This shared area may be more appropriately grouped in the
integration module, as it may contain binding sites for factors
involved in integration and excision. However, the biological
signiﬁcance of this 161 nt non-coding sequenced shared by helper
phage 80α and SaPI1 has not yet been determined.
Phage 80 ORF60 appears to be a truncated open reading frame
corresponding to the 3' end of a homologous gene, ORF13, in the
closely related phage 52A, and the downstream 80 gene, ORF61, is
also homologous to the next gene in the 52A genome, ORF19. These
two genes are not present in other sequenced staphylococcal phages.
Discussion
The sequencing of phages 80 and 80α accomplishes an important
step in our understanding of the unique relationship between
S. aureus pathogenicity islands and their helper phages. Recent
evidence suggests that SaPI derepression is a key determinant of
helper phage speciﬁcity (Tormo-Más et al., 2010). The dut gene
product, which is the phage-encoded antirepressor for SaPIbov1
(Tormo-Más et al, 2010), is only 74% identical between 80 and 80α.
We show in this study that both phages can mobilize SaPIbov1,
Table 4
Strains used in this study.
Strain Description Reference or source
RN450 NCTC8325 cured of ϕ11, ϕ12,
and ϕ13
R. Novick (1967)
RN451 RN450 lysogenized by ϕ11. R. Novick (1967)
RN4220 Restriction defective derivative
of RN450
de Azavedo et al. (1985)
RN8652 RN3984 (SaPI2 tst::tetM) Lindsay et al. (1998)
RN8685 RN450 (SaPI1 tst::tetM) Lindsay et al. (1998)
RN10359 RN450 lysogenized by phage 53 This study
RN10360 RN450 lysogenized by plaque
puriﬁed 80α
This study
RN10614 RN4220 lysogenized by ϕ11 This study
RN10616 RN4220 lysogenized by 80α Ubeda et al. (2009)
RN10822 RN4220 (SaPI1tst:tetM) This study
RN10823 RN4220 (SaPI2 tst:tetM) This study
JP45 RN4220 (SaPIbov1tst:tetM) Maiques et al. (2006)
NCTC 9789 Propagating strain for phage 80 National Collection of
Type Cultures
NCTC 8511 Propagating strain for phage 53 National Collection of
Type Cultures
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sion activity. Derepression of SaPI1 requires the sri gene (Tormo-Más
et al, 2010; Harwich et al, in prep). This gene, too, is present in both
phages but the similarity is lower; the two proteins are only 53%
identical. 80 does not mobilize SaPI1 and the lack of any ampliﬁcation
of SaPI1 signal in the bulk DNA following 80 infection (Fig 5) indicates
that the 80 sri gene product does not derepress SaPI1. The sri gene is
absent in ϕ11, which presumably accounts for the inability of this
phage to mobilize SaPI1 since relief of SaPI1 repression by mutation of
stl now allows SaPI1 mobilization by ϕ11 (Ubeda et al., 2008). We
have also shown that 80 and 80α both mobilize SaPI2, but the gene
required for SaPI2 derepression has not yet been identiﬁed.
DNA packaging can provide another level of discrimination in
mobilization speciﬁcity. Phage ϕ13 does not mobilize SaPI1, even
though it derepresses the pathogenicity island and is sensitive to
SaPI1 interference (Lindsay et al., 1998). ϕ13 is not a generalized
transducing phage and is presumed to utilize a cos site for packaging.
Thus, the inability of ϕ13 to mobilize SaPI1 is likely due to an inability
to recognize SaPI1 DNA for packaging. ϕ13 can complement ϕ11 for
SaPI1 mobilization (data not shown), consistent with a model in
which ϕ13 provides the derepression function while the packaging
functions are provided by ϕ11.
A striking result of the comparison of 80 and 80α is the lack of
homology between the morphogenetic gene clusters of the two
phages, even though they can mobilize some of the same SaPIs.
Unrelated genes include the phage terminase and the capsid gene
cluster, which are the targets of the SaPI functions that redirect DNA
packaging and alter capsid size determination, respectively. Thus, as
discussed above, the capsid per se does not play a major role in
determining SaPI-helper phage speciﬁcity. Furthermore, our results
suggest that 80 is not subject to SaPI-dependent capsid size
redirection. These observations raise interesting questions concerning
the relationship between size determination, DNA packaging, and the
SaPI-encoded phage interference function, pif. SaPIbov1 and SaPI1
carry different alleles of pif, and SaPIbov1 interferes with packaging of
phage DNA while SaPI1 does not (Ubeda et al., 2009). Thus, SaPI1
must use a different mechanism to interfere with phage maturation.
The allele of pif carried by SaPIbov1 is shared by SaPIbov2 and by
SaPI2, all of which appear able to exploit helper phages in the absence
of the ability to direct formation of small capsids. We speculate that
direct interference with helper phage packaging by pif is more
important for SaPIs under conditions where small capsids are not
available to diminish the formation of viable phage particles. Such
conditions would include not only SaPIs such as SaPIbov2, which have
lost functions needed to direct small capsid formation, but also the
exploitation of helper phages such as 80 which are apparently
unaffected by the SaPI size determination functions. The effect of loss
of capsid size determination on SaPIs that carry the SaPI1-like allele of
pif has not yet been determined.
Another question raised by the lack of similarity between the 80
and 80α terminase subunits is how (or whether) the SaPI-encoded
small terminase subunit is able to interact with the 80-encoded large
subunit to redirect packaging speciﬁcity. While such redirection of
packaging has been demonstrated in the case of 80α Ubeda et al.,
2009), a requirement for the SaPI-encoded small terminase subunit in
mobilization by 80 has not been determined. It is formally possible
that the two different large terminase subunits encoded by these two
phages share a structural motif recognized by the SaPI small
terminase (which is highly conserved among SaPIs). Alternatively,
there may be a sequence in SaPI2 and SaPIbov1 that fortuitously
resembles the packaging signal for the phage 80 terminase complex. A
third possibility is that phage 80, as a generalized transducing phage,
packages SaPI DNA nonspeciﬁcally—in this case, the SaPI pif function
would be expected to play an especially critical role in ensuring
preferential packaging of SaPI DNA by blocking phage DNA packaging.
Studies are currently underway to address these questions and toclarify further the complex interplay between SaPIs and their helper
phages that leads to the preferential high efﬁciency production of SaPI
transducing particles.
Materials and methods
Phage sources, propagation, and preparation
The strains used in this study are summarized in Table 4. Standard
methods and growth conditions were used as previously described
(R. P. Novick, 1991). Strain RN450, which is considered to be free of
prophages, was lysogenized by plaque-puriﬁed 80α to create strain
RN10359. The phage particles produced by mitomycin-C induction of
RN10359 were precipitated by ultracentrifugation, and subjected to
phenol chloroform isoamyl alcohol (PCIA) DNA extraction. Phage 80
was grown lytically on strain NCTC 9789 and the resulting phage
particles were prepared for DNA sequencing by polyethylene glycol
precipitation, cesium chloride density gradient centrifugation, and
then PCIA DNA extraction. Strain RN451 was induced with mitomycin
C to produce ϕ11. Phage 53 was purchased from the American
Type Culture Collection (Manassas, VA) and grown lytically on its
propagating strain, NCTC 8511. Once it was discovered that all phages
used in this study formed plaques on RN4220, a restriction defective
derivative of RN450, lysogens of 80α, 53, and ϕ11 and SaPI tst::tetM
transductants were made in this background and phage 80 was
propagated lytically on RN4220 thereafter.
Phage genome sequencing and analysis
Shotgun sequencing of phage subclone libraries was supplemen-
ted by primer walking to close gaps and span low coverage regions
and to minimize misassembly caused by background bacterial DNA.
Both phages 80 and 80α are generalized transducing phages that
occasionally encapsidate random fragments of host DNA, and about
5% of the sequenced clones contained S. aureus chromosomal DNA.
Mechanically sheared phage DNA (1.5–3 kb for 80, 2–3 kb for 80α)
was used to generate subclone libraries in high copy pUC18
derivatives. Libraries were sequenced to ten- and eight-fold coverage
for 80 and 80α, respectively. The sequence of 80 was assembled using
SeqMan II software (DNASTAR Inc, Madison, WI) and phredPhrap/
Consed (University of Washington Genome Sciences Department;
www.phrap.org) to conﬁrm results. The sequence of 80α was
assembled using Celera Assembler (Huson et al., 2001). ORF
prediction and genome annotation were performed using MacVector
software (Accelrys, San Diego, CA), Seqbuilder (DNASTAR Inc,
389G.E. Christie et al. / Virology 407 (2010) 381–390Madison, WI) and GLIMMER (Delcher et al., 2007). The ORF prediction
and gene family identiﬁcations were completed by previously
described methods, including the use of hidden Markov models
(HMMs) to determine ORF membership in families and superfamilies
(Gill et al., 2005).
Identiﬁcation of 80 structural proteins
Puriﬁed 80 virions were denatured in XT loading buffer provided
by themanufacturer and proteins were resolved on a 10% Criterion XT
SDS-PAGE bis-Tris polyacrylamide gel (Bio-Rad, Hercules, CA), and
stained with Coomassie blue. Individual protein bands were excised,
destained in 50% methanol, reduced with DTT, alkylated with
iodoacetamide, digested overnight with trypsin, and analyzed by MS
and MS/MS on a Thermo Electron Deca XP Plus mass spectrometer.
The data were analyzed using the Sequest search algorithm (Thermo
Fisher Scientiﬁc, San Jose, CA, USA; version SRF v. 2) against a phage
80 database, as well as against the NCBI non-redundant database.
Scaffold (version Scaffold_3_00_02, Proteome Software Inc., Portland,
OR) was used to validate MS/MS based peptide and protein
identiﬁcations. Detailed methods are available upon request. Peptides
found for each protein are summarized in Table S3.
Identiﬁcation of the 80α attachment site
The prophage junctions were ampliﬁed and sequenced from
genomic DNA isolated from strain RN10616, using primers ﬂanking
the predicted attL and attR sites. Primers SaRpmF: 5'-GACTGAATGCC-
CAAACTGTG-3' and SMT178: 5-GGCTGGGAATTAATGGAAGATG-3'
(in 80α int) were used to amplify attL and primers SMT179 5'-
GAGTCCTGTTTGCGAATTAGG-3' (in 80α ORF73) and SaSirH: 5'-
TTAAGTAGCATCGTTGCATTCG-3' were used to amplify attR. Primers
SaRpmF and SaSirH attB were also used to amplify and sequence
attB, using RN4220 genomic DNA, and attP was ampliﬁed and
sequenced from 80α virion DNA with SMT 178 and SMT 179.
SaPI mobilization
SaPI1 tst::tetM was transduced by 80α from strain RN8685 to
RN4220 and SaP2 tst::tetM was transduced by 80 from RN8652 to
RN4220 to create strains RN10822 and RN10823, respectively. Strain
JP45, SaPIbov1 tst::tetM in a RN4220 background, was provided by
J. Penades. SaPI mobilization was analyzed by visualization of SaPI
DNA and by measurement of SaPI transduction. For DNA analysis,
strains were grown to mid-log phase and infected with phage at an
MOI of 3. Samples (1 ml) were withdrawn at various times after
infection and standard minilysates were prepared by treatment with
lysostaphin and RNase followed by treatment with proteinase K and
SDS, as described previously (Ruzin et al., 2001). The appearance of a
discrete genome-length SaPI band was visualized by agarose gel
electrophoresis and all SaPI DNA species were detected by ECL
Southern blotting using a commercial kit (Amersham ECL Direct
Nucleic Acid Labeling and Detection System), and probed with a
peroxidase-labeled SaPI ter probe as described previously (Ubeda
et al., 2008). Helper phage plaque forming units (pfu) and SaPI-tetM
transducing units (tu) were quantiﬁed by titration of ﬁlter-sterilized
overnight SaPI-phage lysates on RN4220 in a soft agar overlay (for
phage plaques) or on plates containing 5 μg/ml tetracycline (for SaPI-
tetM transductants), using standard procedures (R. P. Novick, 1991).
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2010.08.036.
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